Introduction 44
C 3 plants inherited a carbon fixation system developed by photosynthetic 45 bacteria, with atmospheric carbon dioxide (CO 2 ) being incorporated into ribulose-1,5-46 bisphosphate (RuBP) by the enzyme Ribulose Bisphosphate Carboxylase/Oxygenase 47 (RuBisCO) to form the three-carbon compound (C 3 ) 3-phosphoglycerate (Calvin and 48 Massini 1952). However, RuBisCO can also catalyse oxygenation of RuBP, which 49 leads to the production of 2-phosphoglycolate, a compound that is toxic to the plant 50 cell and needs to be detoxified through an energetically wasteful process called 51 photorespiration (Bowes et al. 1971; Sharkey 1988; Sage 2004 ). The oxygenase 52 reaction of RuBisCO becomes more common as temperature increases and so in C 3 53 plants photorespiration can reduce photosynthetic output by up to 30% (Ehleringer 54 and Monson 1993). In environments such as the tropics where rates of 55 photorespiration are high, C 4 photosynthesis has evolved repeatedly from the 56 ancestral C 3 state (Lloyd and Farquhar 1994; Osborne and Beerling 2006) . 57
Phylogenetic studies estimate that the first transition from C 3 to C 4 occurred around 58 However, recent reports suggest that only the NADP-ME and NAD-ME should be 79 considered as distinct C 4 subtypes, which in response to environmental cues may 80 involve a supplementary PEPCK cycle ; Y. Wang et al. 2014; Rao 81 and Dixon 2016). 82
The recruitment of multiple genes into C 4 photosynthesis involved both an 83 increase in their transcript levels (Hibberd and Covshoff 2010) M-or BS-specific in C 4 plants (Hibberd and Covshoff 2010) . Therefore, considerable 87 efforts have been made to identify the transcription factors (TF) and the cis-elements 88 they recognise that are responsible for this light-dependent and cell-specific gene 89 expression (Hibberd and Covshoff 2010) . Various studies suggest that different 90 transcriptional regulatory mechanisms have been adopted during C 3 to C 4 evolution. 91
One is the acquisition of novel cis-elements in C 4 gene promoters that can be 92 recognised by TFs already present in C 3 plants (Matsuoka et al. 1994 ; Ku et al. 1999 ; 93 Nomura et al. 2000) , and a second possibility is the acquisition of novel or modified 94
TFs responsible for the recruitment of genes into the C 4 pathway through cis-elements 95 that pre-exist in C 3 plants (Patel et al. 2006; Brown et al. 2011 ; Kajala et al. 2012) . 96
A small number of cis-elements found in different gene regions have been shown 97 to be sufficient for the M-or BS-specific expression of C 4 genes. For example, a 41 98 base pair (bp) Mesophyll Expression Module 1 (MEM1) cis-element was identified 99 from the PEPC promoter of C 4 Flaveria trinervia and shown to be necessary and 100 sufficient for M cell-specific accumulation of PEPC transcripts in C 4 Flaveria species 7 7 were found, consisting of two N-boxes B, two N-boxes, one G-box, two FBSs and one 154 E-box ( fig. 2A ). Electrophoretic Mobility Shift Assays (EMSA) were used to test 155 whether ZmbHLH128 and ZmbHLH129 were able to interact with each of these cis-156 elements in vitro ( fig. 2B and C) . Consistent with the Y1H findings, EMSA showed that 157 
ZmbHLH129 impairs trans-activation by ZmbHLH128 174
Because ZmbHLH128 and ZmbHLH129 bind the FBS cis-elements in close 175 proximity but also possess domains mediating protein dimerization, we next 176 investigated whether these proteins form homo-and/or heterodimers. In vitro, the 177 bicolor possess two plastidic NADP-ME isoforms: one that is used in C 4 210 photosynthesis (C 4 -NADP-ME, GRMZM2G085019 and Sobic.003g036200) and a 211 second one not involved in the C 4 cycle (nonC 4 -NADP-ME, GRMZM2G122479 and 212 Sobic.009g108700). In contrast, S. italica possesses only one plastidic NADP-ME 213 isoform that is used in the C 4 cycle (C 4 -NADP-ME, Si000645) (Alvarez et al. 2013) . Since ZmbHLH128 and ZmbHLH129 showed weak binding to single cis-251 elements, we tested their binding by mutating these cis-elements in probes with the 252 pairs (supplementary fig. S3 ). For each pair, three mutant probes were designed: two 253 in which the two cis-elements were mutated individually (keeping one cis-element wild-254 10 type) and one in which both cis-elements were mutated simultaneously 255 (supplementary table S3 ). Competition experiments were performed using 256 radiolabeled wild-type probes (with cis-element pairs) and 200-to 400-fold excess of 257 unlabeled wild-type and mutant probes (supplementary fig. S3 ). Binding of both 258
ZmbHLHs to the labeled wild-type probes could be efficiently out-competed by 259 unlabeled wild-type and mutant probes in which the following cis-elements were not 260 Based on the observed nucleotide modifications in cis-elements recognised by 294 bHLH TFs, we propose a model relating to the recruitment of NADP-ME into C 4 295 photosynthesis in grasses ( fig. 6B ). This proposes that an ancestral G-box found in 296 the NADP-ME promoter from C 3 BEP O. sativa was conserved throughout C 3 to C 4 297 evolution and is shared by different C 3 and C 4 grass lineages. However, in the 298 PACMAD group a second cis-element recognised by bHLH was acquired such that 299 the NADP-ME gene from the C 3 species D. oligosanthes and genes encoding nonC 4 -300 NADP-ME from C 4 S. bicolor and Z. mays all contain a G-and N-box/N-box-like pair. 301
In C 4 S. italica this cis-code has been retained in the C 4 -NADP-ME, but in S. bicolor 302 and Z. mays the original G-box has evolved to become either a FeRE1 or a FBS 303 element, respectively ( fig. 6B ). Overall, these results suggest that the acquisition of N-304 box-derived cis-elements may have facilitated ZmbHLH128 and ZmbHLH129 binding 305 to promoters of genes encoding plastidic NADP-ME in the PACMAD clade. 306
Discussion 307
ZmbHLH128 and ZmbHLH129 homeologs interact with maize C 4 -and nonC 4 -308
NADP-ME promoters in vitro showing different trans-activation activity in planta 309
In this study, we showed that ZmbHLH128 and ZmbHLH129 form a maize fig. S5 ), we propose that ZmbHLH129 has 316 diverged more from the ancestral gene. Both of these TFs bind two FBS cis-elements 317 that are in close proximity in the maize C 4 -NADP-ME (GRMZM2G085019) promoter. 318
Although ZmbHLH128 has been predicted in silico to regulate C 4 photosynthesis (L. 319
Wang et al. 2014), as far as we are aware, this is the first report of its functional 320 characterization. ZmbHLH128 alone activates ZmC 4 -NADP-ME gene expression, 321
whilst ZmbHLH129 alone shows no trans-activation activity on this promoter. As the 322 duplication event that generated ZmbHLH129 took place after the evolution of C 4 323 photosynthesis, it seems possible that this gene is not required for C 4 photosynthesis. 324
ZmbHLH128 and ZmbHLH129 form heterodimers and despite ZmbHLH128 activating 325 the expression of ZmC 4 -NADP-ME its regulatory activity is impaired by its homeolog 326
ZmbHLH129. To explain this impairment, we hypothesise different scenarios that may 327 occur in vivo: either ZmbHLH128 and ZmbHLH129 act as heterodimers and 328
ZmbHLH128 loses its DNA binding activity when combined with ZmbHLH129 or they 329 act as homodimers and compete directly for the same FBSs, towards which 330
ZmbHLH129 has a higher binding affinity. The former scenario has been described for 331 bZIP TFs from Arabidopsis, where bZIP63 has negative effects on the formation of 332 bZIP1-DNA complexes probably due to conformational differences between bZIP1 333 homodimer and bZIP1-bZIP63 heterodimers (Kang et al. 2010 ). The latter scenario 334 has been reported for the maize Dof1 and Dof2 TFs. Dof1 is a transcriptional activator 335 of light-regulated genes in leaves, however, in stems and roots, this TF is not able to 336 regulate those genes since the repressor Dof2 is expressed there and blocks Dof-337 specific cis-elements (Yanagisawa and Sheen 1998) . 338
In addition to the capacity of ZmbHLH128 and ZmbHLH129 to interact with FBSs 339 found in the maize C 4 -NADP-ME promoter, both ZmbHLHs were shown to bind in vitro 340 13 13 to the promoter of maize nonC 4 -NADP-ME (GRMZM2G122479) that possesses the 341 cis-element pair G-and N-box-like. In planta, however, ZmbHLH128 and ZmbHLH129 342 showed no trans-activation activity on this promoter. It is well known that primary DNA 343 sequence and its structural properties are determinants of DNA binding specificity in 344 vivo (Rohs et al. 2009 ) and so it is possible that both ZmbHLHs display increased in 345 vivo binding specificity for the FBS pair in the ZmC 4 -NADP-ME promoter than for the 346 G-and N-box-like pair in the ZmnonC 4 -NADP-ME promoter. Therefore, ZmbHLH128 347 seems to affect the level of expression of NADP-ME as it activates the ZmC 4 -NADP-348 ME promoter through the pair formed by two FBSs but the same trend was not 349 observed for the ZmnonC 4 -NADP-ME promoter with the G-and N-box pair. 350
Additionally, we hypothesise that these modifications of promoter sequences may also We identified a cis-element pair recognised by bHLH that occupy homologous 362 positions in NADP-ME promoters from C 3 and C 4 grasses. These cis-elements flank a 363 short spacer and operate synergistically to facilitate interaction with ZmbHLH128 and 364
ZmbHLH129. We suggest a mechanism by which these TFs may be recruited to the 365 cis-elements associated with C 4 photosynthesis. We propose that one cis-element is 366 sufficient to recruit a bHLH homodimer (G-box) or tetramer (N-box or FBS in promoters 367
where the ancestral G-box is no longer present), however, the presence of a second 368 cis-element in the vicinity increases bHLH binding affinity (supplementary fig. S2 ). It is 369 possible that both cis-elements are brought together through the interaction with a 370 bHLH tetramer formed by two dimers, which may involve DNA bending 371 (supplementary fig. S2 ). Therefore, this cis-element pair could operate synergistically 372 to confer stabilisation of bHLH binding. This mechanism of TF-DNA assembly has 373 previously been proposed for MADS-domain TFs that can bind two nearby CArG Interestingly, in all NADP-ME promoters assessed in this study except rice and 383
Brachypodium the two cis-elements were found to be in close proximity, which may 384 encourage DNA looping. In addition to the spacer length, its sequence appears highly 385 conserved. This is consistent with evidence suggesting that nucleotides outside core The mechanism proposed here for how bHLH TFs interact with their target cis-394 elements suggests that these DNA sequences are not randomly arranged in gene 395 promoters and may affect how cis-element specificity is achieved. Indeed, in some 396 promoters bound by bHLH TFs two or more cis-elements were found to be clustered. 397 grasses (Grass Phylogeny Working Group II 2012). How this repeated evolution has 411 come about is not fully understood. Our model contributes to our understanding of C 4 412 evolution and is based on the following findings: first, in rice, which belongs to the BEP 413 clade that contains no C 4 species, only one copy of a G-box was present in the NADP-414 ME promoter. In contrast, cis-element pairs recognised by ZmbHLH128 and 415
ZmbHLH129 in NADP-ME promoters seem to be common in the PACMAD clade that 416 contains many independent C 4 lineages. For example, in the PACMAD grasses a G-417 and N-box pair was identified in C 3 D. oligosanthes (Do024386) and appears to be 418
reasonably conserved in C 4 species in this group. However, in the case of the C 4 -419 NADP-MEs from S. bicolor and Z. mays (Sobic.003g036200 and GRMZM2G085019) 420 these elements have diversified. Both of these grass species belong to the C 4 lineage 421
Andropogoneae in which the plastidic NADP-ME isoform that is used in C 4 422 photosynthesis (C 4 -NADP-ME) evolved by duplication from an ancestral plastidic 423 NADP-ME that still exists and is not involved in the C 4 cycle (nonC 4 -NADP-ME, 424
Sobic.009g108700 and GRMZM2G122479) ( of a bHLH duplicate (ZmbHLH129) that seems not to be required for C 4 photosynthesis 452 and has evolved to repress the activity of its homeolog (ZmbHLH128) is unique to 453 maize as this homeolog gene pair resulted from the maize WGD. Therefore, we 454 hypothesise that the single orthologous bHLH in all the other PACMAD species 455 activates C 4 -NADP-ME gene expression. This agrees with the hypothesis that C 4 456 photosynthesis has on multiple occasions made use of cis-regulators found in C 3 457 species and, therefore, that the recruitment of C 4 genes was made through minor 458 rewiring of pre-existing regulatory networks (Reyna-Llorens and Hibberd 2017). We 459 conclude that regulation of C 4 genes can be based on an ancient code founded on a 460 G-box present in the BEP clade as well as the PACMADs. Acquisition of a second cis-461 element recognised by bHLH in the PACMAD clade appears to have facilitated 462 synergistic binding by either ZmbHLH128 or ZmbHLH129. Although this G-box-based 463 cis-code has remained similar in S. italica, it has diverged in maize and sorghum. 464
Thus, different C 4 grass lineages may employ slightly different molecular circuits to 465 regulate orthologous C 4 photosynthesis genes. 466
Materials and methods 467

Plant growth conditions and collection of leaf samples 468
To construct the cDNA expression library, maize plants (Zea mays L. var. B73) were 469 grown at 16h photoperiod with a light intensity of 340-350 µmol m -2 s -1 , at day/night 470 temperature of 28°C/26°C, and 70% relative humidity. Two light regimes were used: 471
(1) nine days in 16h photoperiod; and (2) nine days in 16h photoperiod followed by a 472 to -891 bp, -1617 to -1135 bp). Plasmids from yeast clones that actively grew on 513 selective medium were extracted. To know whether the isolated clones encoded 514 transcription factors (TFs), the cDNA insert was sequenced and the results analysed 515 using BLAST programmes. To validate DNA-TF interactions in yeast, isolated 516 plasmids encoding TFs were re-transformed into the yeast bait strain in which they 517 were found to bind. To assess TF binding specificity, plasmids encoding TFs were 518 also transformed into the yeast bait strains to which they do not bind. 519 520
Yeast cell spotting 521
Yeast bait strains transformed with plasmids encoding TFs were grown overnight until 522 log or mid-log phase at 30°C in liquid yeast CM medium supplemented with Histidine 523 (CM +HIS -LEU). Cultures were normalized to an OD 600 of 0.4, spotted onto solid 524 medium CM +HIS -LEU or CM -HIS -LEU + 3-AT, and grown for 3 days at 30°C. 525 526
Isolation and transformation of maize mesophyll protoplasts 527
Maize mesophyll protoplasts were isolated from 10-day-old maize greening plants and mM β-mercaptoethanol. Several leaf blades were stacked and cut perpendicularly to 533 the long axis into 0.5 to 1 mm slices and quickly transferred to digestive medium (25 534 mL digestive medium for each set of 10 leaf blades). Purity and integrity of isolated 535 protoplasts were examined under light microscopy. Mesophyll protoplasts were 536 quantified and its abundance adjusted to 2 × 10 6 protoplasts/mL. Transformed promoter fragments fused to m35S were cloned into pDONR221 (Invitrogen) through 582 BP-Gateway reaction (Invitrogen), following the manufacturer's instructions. Promoter 583 sequences were then recombined into the binary vector pGWB3i through LR-Gateway 584 reaction (Invitrogen) to obtain the final reporter constructs for promoter::GUS analysis 585 (pZmC 4 -NADP-ME and pZmnonC 4 -NADP-ME). For the effector constructs (TF driven 586 by the CaMV35S promoter), ZmbHLH128 and ZmbHLH129 Entry clones previously 587 generated (see BiFC assay) were directly recombined into the binary vector pGWB2 588 through LR-Gateway reaction (Invitrogen). 589
Reporter and effector constructs together with a construct harbouring the silencing 590 suppressor P1b (Valli et al. 2006 ) were transformed into the Agrobacterium 591 tumefaciens strain GV301. Overnight cultures of Agrobacterium harbouring reporter, 592 effector and P1b constructs were sedimented (5000 g for 15 min, at 4°C) and 593 resuspended in infiltration medium (10 mM MgCl 2 , 10 mM MES (pH 5.6), 200 µM 594 acetosyringone) to an OD 600 of 0.3, 1, and 0.5, respectively, and mixed in a ratio of 595 1:1:1. Mixed Agrobacterium cultures were incubated for 2h at 28°C and used to spot-596 infiltrate the abaxial side of 5-week-old tobacco leaves. As controls, tobacco leaves 597 were agro-infiltrated with mixed cultures carrying the reporter construct alone or the 598 21 21 empty vector pGWB3i and effector constructs. Infected leaves were analysed at 96h 599 post-infiltration. Leaf discs of 2.5 cm in diameter were collected from the infiltrated 600 spots and used for the quantification of GUS activity. GUS activity was quantified by 601 measuring the rate of 4-methylumbelliferyl-β-D-glucuronide (MUG) conversion to 4-602 methylumbelliferone (MU) as described in Jefferson et al. (1987) and Williams et al. 603 (2016) . Briefly, soluble protein was extracted from agro-infiltrated tobacco leaf discs 604 by freezing in liquid nitrogen and maceration, followed by addition of protein extraction 605 buffer. Diluted protein extracts (1:2) were incubated with 1 mM MUG for 30, 60, 90 606 and 120 min at 37°C in a 96-well plate. GUS activity was terminated at the end of binding cis-elements identified in promoters of genes encoding plastidic NADP-ME. 775
Black and white circles represent ZmbHLH128 and ZmbHLH129 binding ability to 776 NADP-ME gene promoters, respectively. 777
